1 The present study has examined the influence of sodium chloride (0-160 mM) and ouabain (100 and 500 jiM), an inhibitor of the enzyme Na'-K' ATPase, on the synthesis of dopamine in slices of rat renal cortex loaded with exogenous L-dihydroxyphenylalanine (L-DOPA). The deamination of newly-formed dopamine into 3,4-dihydroxyphenylacetic acid (DOPAC) was also examined. The assay of L-DOPA, dopamine and DOPAC in kidney slices was performed by high performance liquid chromatography (h.p.1.c.) with electrochemical detection. 2 The accumulation of newly-formed dopamine and DOPAC in kidney slices loaded with L-DOPA (50 and 100 JAM) was found to be dependent on the concentration of NaCl in the medium. A similar picture could be observed for DOPAC. The fractional rate of accumulation (k; mM NaCl-') was at 50 and 100 JM L-DOPA, respectively, 0.00305±0.00036 and 0.00328±0.00029 for dopamine and 0.00672+ 0.00072 and 0.00641 ±0.00069 for DOPAC. The sodium-dependent formation of dopamine was completely abolished when the experiments were performed in the absence of oxygen.
Introduction
There is evidence suggesting that most of the dopamine appearing in urine is produced in the kidney. Urinary excretion of dopamine is believed to reflect tubular amine production, as denervation has been found not to affect dopamine levels in urine (Baines, 1982; Suzuki et al., 1984) . Dietary sodium appears to be a determinant factor for dopamine production as evidenced by a close relationship between the concentration of urinary sodium and urinary dopamine (Cuche et al., 1972) and the result that sodium loading is accompanied by an increased excretion of dopamine in the urine of both man and laboratory animals (Alexander et al., 1974; Ball et al., 1978; Baines, 1982; Goldstein et al., 1989; Bass & Murphy, 1990 ; Lee et al., 1990; Young, 1990) . By contrast, a low sodium diet is accompanied by a decrease in the urinary excretion of dopamine (Baines, 1982; Goldstein et al., 1989; Hayashi et al., 1990) . It has been reported that tubular transport of some aromatic amino acids is sodium-dependent (Ulrich et al., 1974) , and, therefore, it might be hypothesized that changes in the renal production of dopamine during modifications in the renal delivery of sodium would be related to modifications in the membrane transport of DOPA and subsequent effects on the intracellular availability of the amino acid. There is also evidence that the renal production of dopamine under in vitro conditions depends on the sodium chloride concentration in the medium (Hagege & Richet, 1985; Fernandes & Soares-da-Silva, 1990 ). Furthermore, it has also been suggested that a-human atrial natriuretic peptide and guanosine 3':5'-cyclic monophosphate (cyclic GMP), which are effective inhibitors of the tubular transport of sodium (Zeidel et al., 1987) , may decrease the intracellular availability of L-DOPA in rat kidney slices and reduce the renal formation of dopamine (Soares-da-Silva & Fernandes, 1990a,b; .
The aim of the present work was to characterize the role of extracellular sodium in the production of dopamine in rat renal tissues under in vitro conditions and to seek further evidence of the involvement of mechanisms regulating the tubular transport of sodium on the intracellular availability of L-DOPA and the synthesis of dopamine. Ltd, 1992 placed on an ice cold glass plate, the kidney poles removed and slices of the renal cortex approximately 1.5 m thick and weighing about 40 mg wet weight were prepared with a scalpel. Thereafter, renal slices were preincubated for 60 min in 2 ml warmed (37TC) and gassed (95% 02 and 5% C02) Krebs solution. The Krebs solution had the following composition (mM): NaCl 120, KCl 4.7, CaC12 2.4, MgSO4 1.2, NaHCO3 25, KH2PO4 1.2, EDTA 0.4, ascorbic acid 0.57 and glucose 11; (-)-x-methyl-p-tyrosine (50 AM), tropolone (50 JiM) and copper sulphate (10 AM) were also added to the Krebs solution in order to inhibit the enzymes tyrosine hydroxylase and catechol-O-methyltransferase and inhibit the endogenous inhibitors of dopamine P-hydroxylase, respectively. After preincubation, renal slices were incubated for 15 min in Krebs solution with added L-DOPA. The preincubation and incubation were carried out in glass test tubes, continuously shaken throughout the experiment. In experiments performed in order to test the influence of sodium on the renal production of dopamine, slices of renal cortex were incubated in Krebs solution with increasing concentrations (0-160 mM) of sodium chloride in the medium in the presence of 50 and 100 AM L-DOPA; the osmolarity of the incubation medium was kept constant by the addition of choline chloride. The other constituents of the Krebs solution were as described above. In some experiments, oxygenation was stopped during the incubation with L-DOPA (100 JAM). In experiments in which the effects of ouabain (100 and 500 AM) were tested, the Na+-K+ ATPase inhibitor was present during the preincubation and incubation periods. Some of the experiments in which the effects of ouabain (100 and 500 AM) were tested have been performed in the absence of oxygen during the incubation period, i.e. after the addition of L-DOPA. In another group of experiments, kidney slices were incubated in the presence of 20 mM NaCl, with the osmolarity kept constant by the addition of 100 mm choline chloride, and the effect of 500 JAM ouabain tested. After incubation, renal slices were collected, washed in ice cold saline, blotted with filter paper, weighed and stored in 2 ml of 0.2 M perchloric acid.
Methods
In some experiments kidney homogenates, instead of tissue slices, were used. Whole kidneys were homogenized in a modified Krebs solution with Duall-Kontes homogenizers and kept continuously on ice. A modified Krebs solution was also prepared, which was similar to that described above except that the NaCl concentration was reduced to 50 mM; the osmolarity of the medium was kept constant by the addition of 68 mM choline chloride. Aliquots of 1.0 ml of kidney homogenates plus 1.0 ml Krebs solution were placed in glass test tubes and incubated for 60 min with increasing concentrations of ouabain (100, 500 and 1000 AM). Thereafter, L-DOPA (10.0 AM) or dopamine (0.5, 2.5 and 5.0 AM) was added to the medium for further 15 min. During incubation, kidney homogenates were continuously shaken and gassed (95% 02 and 5% CO2) and maintained at 37°C. The assay of L-DOPA, dopamine, noradrenaline and DOPAC in renal tissues and kidney homogenates was performed by means of h.p.l.c. with electrochemical detection, as previously described . In brief, aliquots of 1.5 ml of perchloric acid in which tissues have been kept or 1.5 ml of supernatant of kidney homogenates were placed in 5 ml conical-based glass vials with 50 mg alumina and the pH of the samples immediately adjusted to pH 8.6 by the addition of Tris buffer. The adsorbed catecholamines were then eluted from the alumina The protein content of the homogenates (mg of protein per g of tissues) was determined by the method of Lowry et al. (1951) , with human serum albumin as a standard.
Statistics
The accumulation of dopamine and DOPAC in kidney slices as a function of the concentration of sodium chloride in the medium was calculated from a semilog plot of the concentration of the amine and of its deaminated metabolite vs concentration of sodium chloride in the medium; the slope of accumulation was calculated by linear regression. The fractional rate constant of the accumulation of dopamine and DOPAC (k) was then obtained from the expression: k = slope value/0.434 (Brodie et al., 1966) and the sodiumdependent rates of amine and amine metabolite accumulation calculated by multiplying the tissue levels at 0 mM sodium chloride by the rate constant of accumulation.
Mean values ± s.e.mean of n experiments are given. Significance of differences between one control and several experimental groups was evaluated by Tuckey-Kramer method (Sokal & Rohlf, 1981) . A P value less than 0.05 was assumed to denote a significant difference. Results Figure 1 shows the semilog plots of accumulation of newlyformed dopamine and of its deaminated metabolite DOPAC in kidney slices loaded with 50 and 100 JIM L-DOPA and incubated with increasing concentrations of sodium chloride in the medium. In the presence of either 50 or 100 JAM L-DOPA, the accumulation of newly-formed dopamine and DOPAC was found to be exponential and dependent on the concentration of sodium chloride in the medium. The accumulation of newly-formed dopamine was greater in kidney slices loaded with the highest concentration of L-DOPA (100 AM), with the rate constant of accumulation of newly-formed dopamine being similar to that obtained when the preparations were loaded with a lower concentration of L-DOPA (50 JAM). A similar picture could be observed for DOPAC; i.e., the tissue levels of DOPAC were greater in kidney slices incubated with 100 JAM L-DOPA, but the rate constant of DOPAC accumulation was about the same with either 50 or 100 JIM L-DOPA. This can be shown by the analysis of k values shown in Table   1 ; the fractional rate of accumulation (k) was at 50 and 100 AM L-DOPA, respectively, 0.0031 and 0.0033 for dopamine and 0.0067 and 0.0064 for DOPAC.
It has been suggested that the transport of water and electrolytes in tubular epithelial cells is dependent on a high consumption of oxygen (Burg & Orloff, 1962) and the experiments described next were performed in order to test the sensitivity to oxygen of the sodium-dependent accumulation of newly-formed dopamine in kidney slices loaded with L-DOPA. In this set of experiments, tissues were incubated with L-DOPA (100 JM) with increasing concentrations of sodium chloride (0-160 mM) in the medium; only during the incubation period (15 min) with L-DOPA, but not during preincubation (60 min), was the oxygenation of tissues stopped. As can be observed in Figure 2 , the sodium-dependent accumulation of newly-formed dopamine and DOPAC was completely abolished in experiments performed in the absence of oxygen. Also, as shown in Table 2 , the constant rates of accumulation (k) of newly-formed dopamine and DOPAC were, respectively, accumulation of this deaminated metabolite of dopamine was no longer dependent on the concentration of sodium chloride in the medium.
The ultimate mechanism intervening in the process of sodium transport across the tubular cells is that governed by the enzyme Na'-K' ATPase and it is possible through the inhibition of this enzyme with ouabain to decrease the net tubular transport of sodium. The experiments in which the effect of ouabain was tested were performed in the presence of 120 mM sodium chloride in the medium; in some experiments oxygenation of tissues was stopped immediately before the addition of L-DOPA. As shown in Figure 3 , the incubation of kidney slices with increasing concentrations of L-DOPA (1O-100 1AM) resulted in a concentration-dependent accumulation of newly-formed dopamine and DOPAC. The addition of ouabain (100 and 500 gM) to the incubation medium resulted in a concentration-dependent inhibition (14-57% reduction) in the accumulation of newly-formed dopamine and DOPAC;
this effect was, however, more marked at 50 and 100 gM L-DOPA. In the set of experiments performed in the absence of oxygen during the incubation with L-DOPA, the renal production of dopamine and DOPAC became markedly decreased (respectively, 40% and 77% reduction) and ouabain (100 and 500 gM) was no longer able to reduce the accumulation of either newly-formed dopamine or DOPAC (Figure 4 ). Figure 5 shows the results of experiments in which kidney slices were incubated with increasing concentrations of L-DOPA (10-1000 gM) and the concentration of sodium chloride in the medium was lowered to 20 mM. In these experimental conditions and in the presence of oxygen during the incubation with L-DOPA, 500 Mm ouabain failed to reduce the accumulation of newly-formed dopamine and DOPAC.
As shown in Figure 6 , the synthesis of dopamine and its deamination to DOPAC in kidney homogenates closely depended on the concentration of L-DOPA added to the medium. In contrast to that observed in kidney slices, ouabain (100, 500 and 1000 gM) was found to affect neither the formation of dopamine nor its deamination to DOPAC in homogenates of the rat kidney. Incubation of kidney homogenates with exogenous dopamine (0.5, 2.5 and 5.0 Mm) was found to result in a concentration-dependent formation of DOPAC (Table 3 ). In this set of experiments, as has been found to occur in experiments in which kidney homogenates were incubated with L-DOPA, the addition of ouabain (100 and 500 pM) to the incubation medium was found not to affect the formation of DOPAC.
Discussion
The present study shows that the renal formation of dopamine in kidney slices loaded with exogenous L-DOPA is dependent on the concentration of sodium chloride in the medium and sensitive to inhibition of the tubular transport of sodium. These results agree well with the earlier evidence of a decreased intracellular availability of L-DOPA in rat renal slices and reduced renal formation of dopamine as induced by a-human atrial natriuretic peptide and cyclic GMP, two effective inhibitors of the tubular transport of sodium (Soares-da-Silva & Fernandes, 1990a,b; . The sensitivity of the renal formation of dopamine in kidney slices loaded with L-DOPA is clearly shown in experiments in which renal tissues were incubated in the presence of increasing concentrations of sodium chloride. The accumulation of newly-formed dopamine in these experimental conditions as a function of the concentration of sodium in the medium was found to be monoexponential. The finding that the sodiumdependent monoexponential accumulation of newly-formed dopamine was completely abolished when tissues were incubated in the absence of oxygenation, strongly suggests that the mechanism responsible involves the facilitation of the tubular co-transport of sodium and L-DOPA. Another argument which favours this view is that concerning the result that the rate constant of accumulation of newly-formed dopamine was found to be similar with either 50 or 100 1M L-DOPA. The results presented here, however, also show that the tubular transport of L-DOPA coupled to sodium might not be the only one in operation, since in the absence of sodium chloride in the incubation medium and in the absence of oxygenation, kidney slices loaded with L-DOPA are still able to accumulate substantial amounts of newly-formed dopamine.
The experiments in which the effect of ouabain on the renal formation of dopamine was tested give further support to the view that the synthesis of dopamine in the kidney is dependent on the tubular transport of sodium. Ouabain is a well known inhibitor of Na'-K' ATPase, the enzyme controlling the net trans-tubular transport of sodium in proximal renal tubules, and the concentration-dependent inhibitory effect of ouabain on the formation of renal dopamine fits well with the evidence that the tubular transport of L-DOPA is sodium-dependent. Another argument along this line is that the inhibitory effect of ouabain on the renal synthesis of dopamine is completely abolished when the experiments are performed in the absence of oxygen or when the concentration of sodium chloride in the medium is reduced to 20 mM; the specific activity of sodium inside the tubular epithelial cell has been reported to be higher than 20 mM (Lang et al., 1986) . The inhibitor effect of ouabain on the formation of dopamine and DOPAC appears, however, aromatic L-amino acid decarboxylase (AAAD) and monoamine oxidase (MAO), since the formation of these two compounds was found not to be affected by ouabain when kidney homogenates are used. This result also supports the view that ouabain, in order to be active, requires the integrity of tubular epithelial cell membranes.
The formation of DOPAC in kidney slices loaded with L-DOPA has been found to parallel the accumulation of newly-formed dopamine; this is most evident when concentrations of L-DOPA up to 100 AM are employed, but not with higher concentrations. This suggests that in renal tissues MAO has a limited capacity to deaminate dopamine . It is interesting, therefore, to observe that the rate constant of accumulation of DOPAC in kidney slices, as a function of the concentration of sodium chloride in medium, is almost twice the corresponding value for dopamine. This appears to suggest that this second event, the deamination of dopamine into DOPAC, might also be sensitive to sodium, namely as a result of interference with the intracellular dynamics of newly-formed dopamine.
The results presented here on the sodium-dependent formation of dopamine bring into discussion the question of the relative unresponsiveness of salt-sensitive essential hypertensive subjects in excreting larger amounts of dopamine in urine in conditions of increased renal delivery of sodium (Gill et al., 1988) . In this subgroup of essential hypertensive patients the renal excretion of dopamine is not influenced by sodium load and the amount of dopamine appearing in urine during sodium loading is as low as that observed in salt resistant essential hypertensive patients during a low sodium diet (Gill et al., 1988; Williams et al., 1990) . In salt-sensitive hypertensive patients urinary DOPA has, however, been found greater than in salt-resistant hypertensive and normotensive subjects during low or high sodium intake; the mean ratio of dopamine to DOPA has also been found to be subnormal during low sodium intake and remained subnormal in conditions of increased sodium intake . This led to the suggestion that the decreased ability to excrete sodium in response to an increased renal delivery of sodium in saltsensitive hypertensives might be due to a reduced capacity to synthesize dopamine (Gill et al., 1988; William et al, 1990 ). However, one should also take into consideration the possibility of a deficient coupled transport of DOPA and sodium into the tubular epithelial cell where its conversion into dopamine takes place.
In conclusion, the results presented here show that the formation of dopamine in kidney slices loaded with L-DOPA is dependent on the concentration of sodium chloride in the medium and sensitive to the inhibition of the enzyme Na'-K' ATPase by ouabain. This sensitivity of dopamine formation to sodium and ouabain appears to involve the activation of tubular transport systems, as oxygen and the integrity of cell membranes are required for the effects of both sodium and ouabain to be observed.
